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ABS TRACT 
Solar cell efficiencies are computed for feasible semiconductor 
heterojunction cells of ZnSe-Gas, Gap-Si, ZnSe-Ge and GaAs-Ge. The 
analysis includes the loss in efficiency because of reflection, incom- 
plete collection and internal series resistance. Optimum antireflection 
films are also calculated. 
expected of Si solar cells and GaAs homojunction cells. 
The results are compared with the performances 
ZnSe-GaAs cells are shown to have the potential for exceeding the 
efficiency of both Si and GaAs cells, if interface recombination losses 
are small. The output voltage, voltage regulation and temperature per- 
formance should be superior to that of Siycells. 
the heterojunction cell may also provide some inherent resistance to 
deterioration under radiation conditions. 
The wiizdow'effect in 
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1, INTRODUCTION 
The t h e o r e t i c a l  e f f i c i e n c i e s  f o r  s o l a r  energy conversion us ing  
homojunction pho tovo l t a i c  cells  have been examined by numerous work- 
ers, inc lud ing  Rappaport and Wysocki (1961). Several  p o s s i b i l i t i e s  
f o r  improving t h e  conversion e f f i c i e n c y  have been considered by Wolf 
(1960), such as mul t i l aye red  ce l l s  (with more than  one p-n homo- 
j u n c t i o n  i n  series) and h e t e r o j u n c t i o n  cel ls  w i t h  t h e  s u r f a c e  l a y e r  
of a wide band-gap material. 
given t h e  r e s u l t s  of computations f o r  two-stage pho toce l l s  with each 
s t a g e  o p e r a t i n g  i n  a s e p a r a t e  c i r c u i t .  
Kagan and Lyubashevskaya (1967) have 
I n  homojunction cel ls ,  such as nSi-psi ,  t h e  s i l i c o n  l a y e r  t h a t  
r e c e i v e s  t h e  i l l u m i n a t i o n  must b e  q u i t e  t h i n  s o  t h a t  carriers c r e a t e d  
j u s t  below i t s  s u r f a c e  may have a r easonab le  chance of reaching t h e  
j u n c t i o n  b e f o r e  recombination. 
r e l a t e d  t o  t h e  energy gap of t h e  s i l i c o n ,  and depends on t h e  doping 
l e v e l s  and on t h e  l a te ra l  v o l t a g e  drops t h a t  e x i s t  i n  t h e  t h i n  t o p  
l a y e r  under c u r r e n t  flow cond i t ions .  I n  h e t e r o j u n c t i o n  s o l a r  cel ls ,  
The a v a i l a b l e  output  v o l t a g e  is  
Perlman (1964) and o t h e r s  have shown t h a t  t h e  ou tpu t  v o l t a g e  i s  rela- 
t e d  t o  t h e  energy gap of t h e  b a s e  semiconductor, t h a t  is t h e  one w i t h  
t h e  smaller of t h e  two energy gaps. 
energy gap acts p r i m a r i l y  as a window t o  photons of energy less than  
i t s  band gap. 
t h i s  window l a y e r  may b e  proport ioned i n  th i ckness  and doping t o  mini- 
mize t h e  l a te ra l  r e s i s t a n c e  losses i n  t h e  c e l l .  
The semiconductor with t h e  l a r g e r  
However t h e  advantage of t h e  h e t e r o j u n c t i o n  c e l l  i s  t h a t  
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I n  t h i s  s tudy ,  t h e o r e t i c a l  computatiomof bo th  maximum and prac- 
t i c a l l y  a t t a i n a b l e  e f f i c i e n c i e s  f o r  a number of f e a s i b l e  h e t e r o j u n c t i o n  
cells ,  are presented.  Sreedhar et: a1 (1969) have r e c e n t l y  considered 
t h e  e f f i c i e n c y  of h e t e r o j u n c t i o n  cel ls .  However t h e i r  c a l c u l a t i o n s  
re la te  t o  i d e a l  e f f i c i e n c i e s  and do n o t  i nc lude  many p r a c t i c a l  consi-  
de ra t ions  t h a t  l i m i t  t h e  performance. 
I n  comparing and e v a l u a t i n g  t h e  r e s u l t s  of va r ious  s t u d i e s ,  i t  
is important t o  know t h e  assumptions made i n  a r r i v i n g  a t  t h e  r e s u l t s .  
For example, i t  is  u s u a l l y  assumed, except by Kagan e t  a1 (1967), t h a t  
t h e  reverse s a t u r a t i o n  c u r r e n t  is  governed only b y  t h e  d i f f u s i o n  t r ans -  
p o r t  of minor i ty  carriers and t h a t  d e p l e t i o n  l a y e r  gene ra t ion  components 
may b e  neglected.  
I n  t h e  p re sen t  work, t h e  fol lowing approach w a s  taken: 
(1) The h e t e r o j u n c t i o n  p a i r s  considered were l i m i t e d  t o  those  of 
c l o s e  l a t t i c e  match, and reasonably c l o s e  thermal c o e f f i c i e n t s  of expan- 
s ion.  Hopefully,  t h e r e f o r e  t h e r e  is  a chance t h a t  such h e t e r o j u n c t i o n s  
may b e  made without  t h e  f a b r i c a t i o n  processes  in t roduc ing  high densi-  
t ies  of i n t e r f a c e  states a t  t h e  j u n c t i o n s .  Recombination through i n t e r -  
f a c e  states w a s  assumed n e g l i g i b l e  i n  t h e  r e s u l t s  t h a t  follow. 
(2) Some allowance was  made i n  t h e  c a l c u l a t i o n s  f o r  t h e  dependence 
of mob i l i t y  and l i f e t i m e  of carriers on doping levels i n  t h e  semiconductor. 
Appendix A l is ts  t h e  va lues  of  v a r i o u s  cons t an t s  used i n  t h e  computations. 
( 3 )  I n  h e t e r o j u n c t i o n s  t h e r e  is  normally an energy s p i k e  AE i n  t h e  
C 
conduction band t h a t  is  equal  i n  p r i n c i p l e  t o  t h e  e l e c t r o n  a f f i n i t y  
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d i f f e r e n c e  of t h e  two semiconductors. There i s  a l s o  a valence band 
b a r r i e r  s t e p  A E which is (E - E )-AEc, as shown i n  Fig.  1. For 
most h e t e r o j u n c t i o n  p a i r s  6 E There- 
f o r e  t h e r e  are advantages i n  s e l e c t i n g  f o r  c o n s i d e r a t i o n  n-window p-base 
he t e ro junc t ions .  Then e l e c t r o n s  flowing from t h e  p base ,  where almost 
a l l  t h e  photon abso rp t ion  t a k e s  p l ace ,  are n o t  s e r i o u s l y  impeded by t h e  
r e l a t i v e l y  s m a l l  A E  sp ike .  I n  t h e  o t h e r  class of h e t e r o j u n c t i o n ,  
p large-gap n small-gap, where t h e  s p i k e  is E and i s  l a r g e ,  i t  is  
usua l  t o  observe a g r e a t  d e a l  of i n t e r f a c e  recombination. 
V' 81 g2 
is considerably less than &Ev. 
C 
C 
V 
A second reason f o r  t h e  n-window p-base choice i s  t h a t  most of t h e  
c u r r e n t  i s  caused by e l e c t r o n s  c o l l e c t e d  as minor i ty  carriers from t h e  
narrow band-gap semiconductor, and t h e  d i f f u s i o n  l eng th  of  e l e c t r o n s  
tends t o  b e  appreciably more than t h a t  of h o l e s  i n  t h e  semiconductors 
of in terest  t o  us. 
( 4 )  The 
J =  
where J and do 
diode equat ion w a s  assumed t o  b e  of t h e  t y p e  
J are t h e  d i f f u s i o n  and d e p l e t i o n  l a y e r  recombination- 
rgo 
generat ion components of t h e  reverse s a t u r a t i o n  c u r r e n t .  T h e i r  values  
are given by: 
1 and J = 
rgo 
(3)  
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where N, = donor concent ra t ion  i n  t h e  n-type m a t e r i a l  
NA = acceptor  concent ra t ion  i n  t h e  p-type ma te r i a l  
VD = b u i l t - i n  p o t e n t i a l  of t h e  diode 
A E c  = conduction band d i s c o n t i n u i t y  expressed i n  v o l t s  
B E v  = valence band d i s c o n t i n u i t y  expressed i n  v o l t s  
Ln = e l e c t r o n  d i f f u s i o n  l eng th  i n  t h e  p-type ma te r i a l  
L = h o l e  d i f f u s i o n  l eng th  i n  t h e  n-type material 
tl = th ickness  of t h e  n-type m a t e r i a l  ( su r face  l a y e r )  
d = th ickness  of t h e  p-type m a t e r i a l  (base region)  
To,, “co2 = minor i ty  c a r r i e r  l i f e t i m e s  i n  t h e  dep le t ion  regions on 
P 
t h e  t w o  s i d e s  of t h e  junc t ion  
= i n t r i n s i c  carrier concent ra t ions  i n  t h e  two semiconductors 
= dep le t ion  l a y e r  widths  a t  no b i a s  (v=O) i n  t h e  two s e m i -  
iT 
t2 
nil’ n 
conductors -1 
and k2 = l-kly where N N 1’ 2’ 
and C2 a r e  t h e  impuri ty  concent ra t ions  and d i e l e c t r i c  
N1% 
1’ 2 N262 
k k a r e  given by kl = ( 1  + -) 
cons tan ts  of t h e  two semiconductors 
SL 
D 
P 
0 i s  given by tanhg = 2 where s is t h e  su r face  recom- 
b i n a t i o n  v e l o c i t y  f o r  semiconductor no. 1 (assumed t o  be 
n-type) and D i s  t h e  h o l e  d i f f u s i o n  cons tan t  
P 
It should be  noted t h a t  J i n  equat ion  (1) i s  dependent on appl ied  
rgo 
vo l t age  V a s  given by equat ion  (2). This  happens because t h e  widths  o f  
t h e  dep le t ion  reg ions ,  a s  w e l l  a s  t h e  e l e c t r i c  f i e l d  s t r e n g t h  i n  t h e s e  
reg ions ,  depend on app l i ed  vo l t age .  For equat ion (2) i t  was assumed t h a t  
t h e  junc t ion  i s  of s t e p  type.  
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(5) The t h e o r e t i c a l  e f f i c i e n c y  f o r  s o l a r  energy conversion i s  
computed f o r  (a )  t h e  i d e a l  condi t ions of no r e f l e c t i o n  l o s s ,  100% 
c o l l e c t i o n  and no series r e s i s t a n c e ;  (b) t h e  i d e a l  case wi th  l o s s  due 
t o  s u r f a c e  con tac t  area included;  (c )  as (b) b u t  w i t h  l o s s  due t o  
r e f l e c t i o n  and imperfect c o l l e c t i o n  included;  and (d) as ( c )  b u t  w i t h  
t h e  e f f e c t  of series r e s i s t a n c e  included. 
(6) For comparison, similar computations are performed f o r  S i  
and G a A s  homojunction s o l a r  cells  w i t h  phys ica l  parameters similar t o  
those  of p r a c t i c a l  s o l a r  cells. 
2.  DIODE GEOMETRY 
All t h e  s o l a r  cel ls  considered are assumed t o  b e  of t h e  same area 
2 (lx2cm ) and have a s u r f a c e  con tac t  made of  t h e  g r i d  s t r u c t u r e  shown i n  
Fig.  2 .  
f o r  S i  s o l a r  c e l l s  (Handy, 1967). In t h i s  conf igu ra t ion ,  approximately 
12.8 pe rcen t  s u r f a c e  area is  covered by t h e  c o n t a c t s .  
This g r i d  s t r u c t u r e  was s e l e c t e d  because i t  -is commonly used 
3 .  COMPUTATION OF REFLECTION LOSS 
Since t h e  r e f r a c t i v e  index of  most of t h e  semiconductors is  high 
( f o r  S i ,  n !S 3 . 5 ) ,  t h e  r e f l e c t i o n  l o s s  from t h e  s u r f a c e  of t h e  p h o t o c e l l  
i s  p r o h i b i t i v e  un le s s  some kind of a n t i - r e f l e c t i o n  f i l m  is  used. The 
r e f r a c t i v e  index is  r ep resen ted  i n  complex n o t a t i o n  as n-ik,  where n and 
k are r e l a t e d  t o  t h e  r e f l e c t i o n  c o e f f i c i e n t  p a n d  abso rp t ion  c o e f f i c i e n t  
n =  - - (1+k2) (5) 
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where h o  is  t h e  wavelength of l i g h t  i n  f r e e  space.  
c e l l ,  one h a s  t o  consider  i n  p r i n c i p l e  an a d d i t i o n a l  r e f l e c t i n g  s u r f a c e  
a t  t h e  n-p junc t ion .  I n  p r a c t i c e ,  however, t h i s  complex s i t u a t i o n  may b e  
s i m p l i f i e d  by assuming t h a t  t h e  f i r s t  semiconductor l a y e r  i s  t h i c k  f o r  
o p t i c a l  computations. This  may b e  j u s t i f i e d  (Vasicek, 1960) by showing 
t h a t  t h e  pa th  d i f f e r e n c e  i n  t h e  f i r s t  semiconductor 
t h a t  5 he. 
c o e f f i c i e n t  of t h e  h e t e r o j u n c t i o n  c e l l  and then  t a k e  i n t o  account t h e  
For a h e t e r o j u n c t i o n  
2nltl i s  g r e a t e r  
This allows us t o  f i r s t  compute t h e  composite r e f l e c t i o n  
r educ t ion  i n  r e f l e c t i o n  caused by  a t r a n s p a r e n t  (k=O) a n t i r e f l e c t i o n  
f i lm.  The formulae t o  b e  used f o r  computing o v e r a l l  r e f l e c t i o n  (R) and 
t ransmission (T) i n t o  t h e  second semiconductor material are: 
R =  
T =  
where 
- 
R2 - 
The s u b s c r i p t s  0, 1 and 2 r e f e r  t o  t h e  a n t i r e f l e c t i o n  f i l m ,  f i r s t  
semiconductor and second semiconductor r e s p e c t i v e l y .  R12 denotes t h e  
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composite r e f l e c t i o n  va lue  f o r  r eg ions  1 and 2. The equat ions (6) and 
( 7 )  were de r ived  by fol lowing t h e  approach of Vasicek (1960). 
Since n and k f o r  a l l  t h e  materials are f u n c t i o n s  of t h e  wavelength 
of t h e  l i g h t ,  t h e  design of  an a n t i r e f l e c t i o n  f i l m  f o r  a h e t e r o j u n c t i o n  
s o l a r  c e l l  should b e  based on maximizing t h e  o v e r a l l  number of s o l a r  
photons t r a n s m i t t e d  i n t o  t h e  second semiconductor. For t h e  homojunction 
cells considered,  t h e  optimum a n t i r e f l e c t i o n  l a y e r  t h i c k n e s s ,  to, w a s  
s e l e c t e d  by maximizing t h e  t o t a l  photons t r a n s m i t t e d  i n t o  t h e  cel l .  
Fig.  3 shows t y p i c a l  v a r i a t i o n  of t r ansmiss ion  as a func t ion  of a n t i -  
r e f l e c t i o n  f i l m  t h i ckness  f o r  ZnSe-GaAs and GaAs-GaAs cells .  The s o l a r  
spectrum considered i n  t h e s e  c a l c u l a t i o n s  w a s  t h a t  given by Moon (1940) 
f o r  above atmosphere cond i t ions .  The optimum th i ckness  of a n t i r e f l e c t i o n  
f i l m  i s  seen  t o  b e  about 800 A" f o r  t h e  ZnSe-GaAs ce l l  and about 700 A" 
f o r  t h e  GaAs-GaAs c e l l .  Table I l is ts  t h e  optimum values  f o r  S i 0  and 
S i 0  f i l m s  f o r  o t h e r  h e t e r o j u n c t i o n  p a i r s  considered and S i 0  is  s e e n  t o  
be  p r e f e r a b l e  f o r  a l l  p a i r s .  I n  t h e  s t u d i e s  t h a t  follow, a l l  t h e  ce l l s  
being compared were t h e r e f o r e  assumed t o  b e  coated w i t h  S i 0  of optimum 
th i ckness .  The s p e c t r a l  response of t h e  a n t i - r e f l e c t i o n  coa t ing  w i l l  
be seen i n  curves (Fig.  5 and 6) t h a t  are presented i n  a la te r  s e c t i o n  
on c o l l e c t i o n  e f f i c i e n c y .  
4.  
2 
COMPUTATION OF COLLECTION EFFICIENCY AND SPECTRAL RESPONSE 
A s  shown i n  Fig.  2 ( b ) ,  t h e  s o l a r  ce l l  under cons ide ra t ion  c o n s i s t s  of 
a s u r f a c e  n-layer and a base  p-region. Since i n  h e t e r o j u n c t i o n s ,  t h e  abso rp t ion  
c h a r a c t e r i s t i c s  of t h e  two r eg ions  are d i f f e r e n t ,  they w i l l  be  t r e a t e d  
s e p a r a t e l y .  
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TABLE I 
Solar Cell 
Material 
ZnSe-Ge 
ZnSe-GaAs 
Gap-Si 
GaAs-Ge 
GaAs-GaAs 
Si-Si 
I 
OPTIMUM VALUES FOR ANTI-REFLECTION FILM THICKNESS 
Si0 Film 
* 
Iptimum Thickness Reflection 
Angstroms Loss 
950 
800 
900 
1300 
700 
800 
11.22% 
4.92% 
8.62% 
14.35% 
7.87% 
10.12% 
SiO, Film 
L 
Optimum Thickness 
Angstroms 
1275 
1075 
1200 
1500 
950 
1050 
* 
Reflection 
Loss 
12.24% 
6.32% 
12.5 % 
18.07% 
14.9 % 
16.07% 
* 
Reflection Loss 
Without Any Film 
32.13% 
25.88% 
30.35"L 
34.22% 
36.6 % 
35.45% 
* Reflection loss values are for the complete usable energy range of the sun's spectrum 
for the solar cell, viz. for hv>Egsmall 
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4.1 Holes in the n-Layer 
The minority carrier (hole) diffusion equation under constant mono- 
energetic illumination 
2 P-Po 
Dp% - -  + 
T 
dx P 
is 
-“lX alN e = o  (9) 
where p is the equilibrium hole concentration, T is the hole lifetime, 
a1 is 
number of photons entering the surface 
0 P 
the absorption coefficient (a function of wavelength), N is the 
layer and x is measured from the n 
semiconductor surface as shown in Fig. 4a. If N represents the photon 
density in the sun’s spectrum at that wavelength, then 
S 
N = Ns (1-R) 
The boundary conditions f o r  solving equation (9) are 
D * = s(p-po> at x = o 
P dx 
and 
where s is surface recombination velocity and V is the bias voltage across 
the diode. 
the undepleted n layer by diffusion, under short-circuit voltage conditions, 
Then the solution for the photo-current density collected from 
is 
-12- 
Each photon absorbed i n  t h e  d e p l e t i o n  r eg ion  i s  assumed t o  c o n t r i b u t e  
one c u r r e n t  carr ier ,  and t h e r e f o r e  t h e  photo-current d e n s i t y  due t o  t h e  
dep le t ion  r eg ion  i s  given by 
- - dlt 
e 1 JER = qN(e 1 
4.2 E l e c t r o n s  i n  t h e  p-Region 
Fig.  4(b)  r e p r e s e n t s a t h e  coord ina te  system used f o r  t h e  p region.  
The d i f f u s i o n  equat ion f o r  t h i s  region i s  then  
photon d e n s i t y  t r a n s m i t t e d  i n t o  t h e  b a s e  r eg ion ,  as given by 
1 
N = N T  
S 
The boundary cond i t ions  are 
R2 a t  x = 
qV/kT n = n e  
0 
and n = n a t x = d  
0 
Then t h e  s o l u t i o n  f o r  t h e  photo-current d e n s i t y  due t o  abso rp t ion  and d i f -  
f u s i o n  i n  the undepleted base l a y e r  is  
(15) 1 n (e -e 1 - d 2 e 2  2 d 2  N e L tdf - 1/~,  2 >(e d/Ln -e -d/Ln) 
The photo-current d e n s i t y  due t o  abso rp t ion  i n  t h e  base  d e p l e t i o n  r e g i o n  
is  
n 
JDR = qN1 (1-e 
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The t o t a l  photo-current d e n s i t y  of t h e  s o l a r  cel l  is  given by 
P P  n n JT = Js + JDR + J + JDR B 
The v a r i o u s  components of t h e  photo c u r r e n t  are obtained by i n t e g r a t i o n  
over t h e  photon energy range of i n t e r e s t  (hv>Eg) f o r  t h e  r eg ion  under con- 
s i d e r a t i o n .  The s p e c t r a l  response,  i .e.  t h e  number of e l e c t r o n s  c o l l e c t e d  
p e r  i n c i d e n t  photon, and t h e  t o t a l  photo-current c o l l e c t e d  by t h e  j u n c t i o n  
were computed f o r  v a r i o u s  h e t e r o j u n c t i o n  p a i r s .  
a ZnSe-GaAs h e t e r o j u n c t i o n  (ce l l  B-1) i s  shown i n  Fig.  5. The c o n t r i b u t i o n  
The s p e c t r a l  response of 
of 
than ZnSe band gap is n e g l i g i b l e .  
gion and the base l a y e r  d e p l e t i o n  r eg ion  are a l s o  shown s e p a r a t e l y  i n  F ig .  5. 
t h e  ZnSe l a y e r  i s  ze ro  s i n c e  t h e  c o l l e c t i o n  f o r  photon ene rg ie s  g r e a t e r  
fl, e 
The c o n t r i b u t i o n s  of t h e  bulk base  re- L 
For t h i s  ce l l  t h e  base  d e p l e t i o n  r eg ion  a t  ze ro  v o l t a g e  w a s  458 angstroms 
wide. Fig.  6 shows t h e  s p e c t r a l  response 'of a comparable G a A s  homojunction 
ce l l  (cel l  F-1). The c o n t r i b u t i o n s  of t h e  n G a A s  r eg ion  and t h e  pGaAs base  
r eg ion  are a l s o  shown s e p a r a t e l y  i n  Fig.  6. Comparison of Fig.  5 and 6 
shows t h a t  t h e  c o l l e c t i o n  i n  t h e  pGaAs i s  h i g h e r  f o r  t h e  h e t e r o j u n c t i o n  
ce l l ,  as might be  expected, s i n c e  t h e r e  i s  no abso rp t ion  i n  t h e  window 
region.  However, t h e  h e t e r o j u n c t i o n  ce l l  s u f f e r s  a c u t o f f  a t  t h e  band gap 
of t h e  ZnSe. 
The s u r f a c e  l a y e r ,  base  l a y e r  and t o t a l  c o l l e c t i o n  e f f i c i e n c i e s  of 
v a r i o u s  s o l a r  c e l l s  are given i n  Table 11. 
b e n e f i c i a l  f o r  t h e  ZnSe-GaAs ce l l  re la t ive t o  GaAs-GaAs s o l a r  cells .  For 
t h e  Gap-Si h e t e r o j u n c t i o n  ce l l s ,  re la t ive t o  Si-Si  c e l l s , t h e  c o l l e c t i o n  
e f f i c i e n c y  is  low, p r i m a r i l y  because t h e  o p t i c a l  abso rp t ion  edge of S i  i s  
n o t  sha rp  and t h e  s u r f a c e  recombination v e l o c i t y  of S i  can be  c o n t r o l l e d  
The "window e f f e c t "  i s  q u i t e  
-14- 
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3 5 t o  low va lues  (10 cm/sec as compared t o  10 cm/sec assumed f o r  GaAs). 
However when series r e s i s t a n c e  e f f e c t s  are taken i n t o  account [in a l a t e r  
s e c t i o n )  t h e  window e f f e c t  is found t o  lower t h e  series r e s i s t a n c e  of t h e  
GaP-Si ce l l  and b r i n g  up t h e  power e f f i c i e n c y  t o  a l e v e l  comparable t o  
t h a t  of S i - S i  homojunction c e l l s .  
Table I1 a l s o  inc ludes  d a t a  on nZnSe-pGe and nGaAs-pGe solar  c e l l s .  
These p a i r s  have good la t t ice-match  condi t ions  and minor i ty  c a r r i e r  
c o l l e c t i o n  has  been demonstrated i n  them. However G e  is  not  w i d e  enough 
i n  band-gap t o  make t h e s e  e f f i c i e n t  s o l a r  cells, as w e  s h a l l  see l a t e r .  
5. SERIES mSISTANCE CALCULATIONS 
The major component of t h e  series r e s i s t a n c e  of a s o l a r  c e l l  i s  
l a y e r .  u s u a l l y  t h e  r e s i s t a n c e  of t h e  t h i n  s u r f a c e  I n  he t e ro junc t ion  c e l l s  
t h e  window e f f e c t  a l lows one t o  i n c r e a s e  t h e  th ickness  of s u r f a c e  l a y e r  and 
thus  reduce t h e  series r e s i s t a n c e .  I n  order  t o  make comparisons between 
d i f f e r e n t  cells f e a s i b l e ,  i t  i s  assumed t h a t  good-quality ohmic con tac t s  
can be made t o  t h e  semiconductors so  t h a t  t h e  con tac t  r e s i s t a n c e  i s  
n e g l i g i b l e .  
s i s t a n c e  and s u r f a c e  l a y e r  r e s i s t a n c e .  
I n t e r n a l  r e s i s t a n c e  w i l l  t hus  be  t h e  sum of base  reg ion  re- 
i s  The base  reg ion  r e s i s t a n c e  R 
B 
given by 
i s  base reg ion  resi t i v i t y  and A i s  t h e  
For t h e  geometry of Fig.  2 ,  t h e  area A i s  2 c m  . 
B 
2 
rea i n  cm2 o f  t h e  c e l l .  
Sur face  l a y e r  r e s i s t a n c e  was computed by the  method descr ibed  by 
Handy (1967). For t h e  geometry shown i n  Fig.  2 we obtained f o r  t h e  su r face  
-16- 
l a y e r  r e s i s t a n c e  Rs t h e  fol lowing r e l a t i o n s ,  i n  Handy's symbols, 
l+Rc/R 
R =  
S P 
R1 + R1 
512 R1 + R4 R3 + R R4 
R1+R4 
R3 + R5/2 
where Rc = 
2+ 
- PS'3 R4 - - t s  
r3 
R5 = R4 2W-r3 
and r is given by 3 
fl 
2r3f = = -1 -2(- W -1j2 logk-=---~ W 
r3 r3 ' W r 3  
_I_ 
S 
am& f S  i s  t h e  r e s i s t i v i t y  of t h e  s u r f a c e  l a y e r .  For s equal  t o  0.4 c m  and W 
as 
(The va lue  of 0.37 as obtained by Handy appears  t o  b e  i n  e r r o r .  
0.9 cm, s o l u t i o n  of equat ion (20) g ives  0.26724 f o r  t h e  v a l u e  of r3. 
Also t h e  
equat ions t o  e v a l u a t e  R are d i f f e r e n t  because of d i f f e r e n t  i n t e r -  
p r e t a t i o n  of some i n t e g r a l s  involved) .  Values of R1, R and R which are 
and R 4 5 
3 7 
r e s i s t a n c e s  of c o n t a c t  s t r i p ,  g r i d  s t r i p  and con tac t  r e s i s t a n c e  of bottom 
e l e c t r o d e  t o  bulk,  were taken from Handy as 0.002, 0.4 and 0.08 ohms, re- 
s p e c t i v e l y .  The t o t a l  series r e s i s t a n c e  % w a s  computed as 
% = R g + R  + R 1 + R 7  S 
-17- 
Values of % f o r  t h e  c e l l s  under cons ide ra t ion  are l i s t e d  i n  Table 
111. They range from 0.183 t o  1.752 ohms depending on t h e  th ickness  of 
t h e  window l a y e r  i n  t h e  he t e ro junc t ion  c e l l s .  For t h e  S i  homojunction 
c e l l s  considered,  t h e  va lues  were 0.561 and 0.958 ohms f o r  two d i f f e r e n t  
c e l l  p rope r t ions .  This  compares wi th  a va lue  of 0.72 ohms r epor t ed  by 
Handy (1967) as measured f o r  high e f f i c i e n c y  n+p c e l l s  of t h i s  geometry. 
6. SOLAR CELL EFFICIENCY CALCULATIONS 
The I -V  r e l a t i o n s h i p  of t h e  s o l a r  ce l l  can be represented  by 
.- 
where AToT and AACT are t h e  t o t a l  area and a c t i v e  area of t h e  s o l a r  c e l l  
and J 
c i r c u i t  cond i t ions .  
i s  t h e  photo-current  d e n s i t y  c o l l e c t e d  by t h e  j u n c t i o n  under sho r t -  
A schematic r e p r e s e n t a t i o n  of a s o l a r  c e l l  d e l i v e r i n g  
T 
power t o  a load  is  given i n  Fig.  8. No simple a n a l y t i c a l  r e l a t i o n s h i p  
between V and I can desc r ibe  t h e  maximum power p o i n t  of t h e  I-V r e l a t i o n -  
s h i p  given by equat ion (22) .  Therefore ,  f o r  each ce l l  t h e  I-V cha rac t e r -  
i s t i c  was computed on a po in t  by po in t  b a s i s  and t h e  maximum power po in t  
determined by examination. The c u r r e n t  and v o l t a g e  a t  t h i s  pointpdenoted 
by Imp and V a long wi th  t h e  o v e r a l l  s o l a r  power conversion e f f i c i e n c y  
mP > 
are l i s t e d  i n  Table 111. This  o v e r a l l  e f f i c i e n c y ,  which inc ludes  t h e  
l o  
major loss terms, is  given by 
V T -m m x 100 percent  - y o  .1;9 x; 
where 0.139 i s  t h e  s o l a r  energy d e n s i t y  i n  watt/cm2 i n c i d e n t  on t h e  c e l l ,  
and 2 cm I s  t he  t o t a l  a r e a  of t h e  c e l l .  2 
-18- 
Included a l s o  i n  t h e  Table are c a l c u l a t e d  e f f i c i e n c i e s  f o r  each c e l l  w i t h  
r e l a x a t i o n  of v a r i o u s  l o s s  t e r m s .  These h i g h e r  e f f i c i e n c i e s  are given t o  
compare w i t h  p r i o r  t r ea tmen t s  where such s i m p l i f i c a t i o n s  have been made, 
and because they do r e p r e s e n t  c e r t a i n  upper bounds. 
achievable  i n  p r a c t i c e  and a t t e n t i o n  i n  ou r  d i s c u s s i o n  w i l l  be  cen te red  
mainly on t h e  yo va lues .  
However they  are n o t  
TABLE I11 
S o l a r  Energy Conversion E f f i c i e n c i e s  of So la r  Cells 
S o l a r  C e l l  
ZnSe-GaAs 
n-p 
n-p 
GaAs-GaAs 
P-n 
GaP-Si 
n-p 
Si-Si 
n-p 
ZnSe-Ge 
n-p 
C e l l  Ohms 
i 
B-1 
B-2 
c-1 
G-1 
c-1 
c-2 
D-1 
D- 2 
A-1 
,403 
.422 
.51 
.933 
.752 
.183 
.958 
.561 
.404 
A-2 .423 
GaAs-Ge j B-1 
n-p l B-2 
AlGaAs-GaAs H-1 
.501 
.321 
S o l a r  C e l l  E f f i c i e n c y  * 
- 
Pract ical ,  
7 . 0  
13.35 
12.8 
10.32 
10.48 
10.15 
10.74 
11.69 
11.98 
8.18 
7.84 
6.77 
6.45 
13.66, 
13.09 
10.6 
10.9 
12.5 
10.94 
13.33 
12.89 
9.48 
9.11 
8.1 
7.14 
'4 '6 
* 
16.76 
16.71 
18.28 
20.73 
13.40 
13.40 
17.54 
17.54 
11.32 
11.32 
11.75 
mP 
-1 v 
t Volt q 3  1 1 .814 
.809 
22.8 ; .733 
22.8 .82 
1 
I 
17.2 .471 
17.2 .553 
4 
21.65 .477 
21.65 .499 
13.8 ,244 
13.8 .241 
1 7 +  .223 
11.75 , 1 7 t  .233 
: 
24.3t 
I 
I 
mA 
mP 
45.63 
44.c 
39.14 
35.52 
59.93 
54 10 
68.2 
66.8 
93 .o 
90.6 
V 
e_ mP 
voc 
.88 
.88 
.87 
.87 
.73  
.86 
.78 
.81 
.72 
.72 
84.5 .70 
76.9 . .74 
i 
! 
i nc ludes  series r e s i s t a n c e  l o s s  and a l l  o t h e r  l o s s e s ,  except t h e  i n t e r f a c e  
recombination f a c t o r s  which are p r e s e n t l y  unknown f o r  h e t e r o j u n c t i o n s ,  b 
3-i assumes t h e  series r e s i s t a n c e  l o s s  t o  b e  n e g l i g i b l e  (%=O), 
q2 assumes %=O and no r e f l e c t i o n  l o s s  and p e r f e c t  c o l l e c t i o n  i n  t h e  window 
93 as f o r q 2  b u t  without  l o s s  due t o  s u r f a c e  con tac t  area i . e .  A,.,,oT and AACT 
r eg ion  
2 assumed t o  be  both 2cm . 
values  f o r  G a A s - G e  and A i 4 G t 6 A s - G a A s  are n o t  comparable with t h e  
va lues  above them. 
account of t h e  narrow window e f f e c t .  
s u r f a c e  l a y e r  is 
They are f o r  complete c o l l e c t i o n  h u  > E 
p o s s i b l e ,  which may be only p a r t i a l l y  t r u e .  
rather than taking 
This supposes t h a t  c o f l e c t i o n  from t h e  
-19- 
7 ~ DISCUSSION 
Resu l t s  presented show t h a t  h e t e r o j u n c t i o n  s o l a r  cel ls  can b e  hoped 
f o r  w i t h  
e f f i c i e n c i e s  ob ta inab le  w i t h  S i  o r  G a A s  homojunction ce l l s .  The t reatment  
given, however, n e g l e c t s  j u n c t i o n  i n t e r f a c e  recombination. This  is  a 
e f f i c i e n c i e s , q o ,  comparable t o  o r  even g r e a t e r  t han  t h e  
r e l a t i v e l y  unknown f a c t o r  i n  h e t e r o j u n c t i o n  s o l a r  cel ls ,  s i n c e  f e w  accep tab le  
s t r u c t u r e s  have been made f o r  s tudy.  
The t h e o r e t i c a l  r e s u l t s ,  w i t h  t h i s  proviso,  show t h a t  nZnSe-pGaAs 
h e t e r o j u n c t i o n  s o l a r  cells  should b e  capable  of g r e a t e r  than 13% e f f i c i e n c y .  
This compares w i t h  about 10-1/2% for'GaAs and 12% f o r  S i  homojunction cel ls ,  
c a l c u l a t e d  on a similar b a s i s .  These v a l u e s  do n o t  i nc lude  t h e  e f f e c t s  of 
b u i l t - i n  d r i f t  f i e l d s  on ce l l  performance. I n  p r a c t i c a l  S i  cel ls  t h i s  
raises t h e  measured performance t o  above 13%. A comparable improvement i n  
nZnSe-pGaAs cel ls  might b e  expected by t h e  p rov i s ion  of a b u i l t - i n  f i e l d  
i n  t h e  G a A s  base  region.  
The ou tpu t  v o l t a g e  of a ZnSe-GaAs cel1,at  optimum load  power i s  
c a l c u l a t e d  t o  b e  i n  excess of 0.8 v o l t s  and t h e  v o l t a g e  d e c l i n e  between zero 
and f u l l  l oad  power i s  12%. Both of t h e s e  va lues  are b e t t e r  t han  f o r  S i  
homojunction cel ls ,  f o r  which t h e  l o a d  v o l t a g e  may be  about  0.5 v o l t s  and 
t h e  v o l t a g e  r e g u l a t i o n  about 20%. Furthermore t h e  ZnSe-GaAs cel l  should 
have an advantage over  S i  cells  i n  performance a t  high temperatures ,  s i n c e  
t h e  energy gaplGaAs i s  g r e a t e r  t han  t h a t  of S i .  
OF 
I\. 
GaP-Si h e t e r o j u n c t i o n  ce l l s  are a l s o  seen  t o  b e  i n t e r e s t i n g  from 
Table I I1 ,a l though t h e  e f f i c i e n c i e s  expected are a l i t t l e  lower than f o r  
S i  cells .  
-20- 
Another p o t e n t i a l  advantage of h e t e r o j u n c t i o n  cells i s  t h e  p o s s i b i l i t y  
of 
a v a i l a b l e  f o r  effects of r a d i a t i o n  damage i n  ZnSe, Gap and G a A s .  However, 
i n  h e t e r o j u n c t i o n s ,  when t h e  s u r f a c e  
window-region is  u t i l i z e d  t o  create pho to -ca r r i e r s  i n  t h e  base  r eg ion ,  t h e  
e f f e c t  of r a d i a t i o n  damage may be  s m a l l ,  i f  t h e  damage i s  confined mainly 
t o  t h e  s u r f a c e  l a y e r  which does n o t  c o n t r i b u t e  t o  t h e  carrier c o l l e c t i o n .  I n  
S i  homojunction ce l l s ,  t r a n s p a r e n t  covers are used t o  p r o t e c t  t h e  c e l l  from 
r a d i a t i o n  damage. It i s  p o s s i b l e  t h a t  t h e s e  covers could b e  dispensed w i t h  
i n  h e t e r o j u n c t i o n  cel ls  having wide window reg ions .  
low r a d i a t i o n  damage i n  o u t e r  space cond i t ions .  Data i s  n o t  r e a d i l y  
l a y e r  is  made t h i c k  enough and t h e  
ACJCNOWLED GMENT S 
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APPENDIX A 
Table A and Table B list. the various parameters used in 
computations for this work. Solar spectrum values were taken 
from Moon (1940). These values are very close to Johnson's 
values (Johnson, 1954) now used as standard for solar radia- 
tion. Complex refractive index values for GaAs and GaP were 
taken from the survey by Seraphin and Bennett (Willardson and 
Beer 1967), Diffusion lengths of minority carriers in GaAs 
were taken from Hwang (1969) and Rao-Sahib et al. (1969). 
Most other constants were taken from data sheets for semi- 
conductors published by the Electronic Properties Information 
Center of Hughes Aircraft Company, Culver City, California. 
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Material 
- 
ZnSe 
GaP 
A 1  4 G a  A s  .6 
G a A s  
S i  
G e  
*- 
* 
I-_.--XI_ 
E 
g 
e V  
I__w_____ 
2.67 
2.2 
1.85 
1.4 
1.08 
0.67 
.-..^1.11- 
Not w e l l  e s t a b l i s h e d .  
s t u d i e s .  
TABLE B 
MATERIAL PARAMETERS ASSUMED 
E l e c t r o n  A f f i n i t y  
eV 
4.09 
4.01 
4.0* 
4.07 
4.01 
4.13 
Densi ty  of S t a t e s  
18 1.75 x 10  
7.02 x 1 O I 8  
17 7.9 x 10 
17 4.7 x 10 
19 2.8 x 1 0  
19 1.05 x 10  
-I_-p--- 
v -3  N 
c w  .yI..c.,I.--. .... -__ 
1.16 
19 1.16 x 10  
19 1.16 x 10  
19 1.5 x 10 
19 1.05 x 1 0  
6 x 1 0 l 8  
-3 ni. cm 
2.39 
4.52 
7 .1  x 10  4 
6 5.3 x 10 
10  1.44 x 10  
e, 
-.-_I_ 
9 . 1  
8.1 
- -  
12.5 
12 
Values as low as 3.5 e V  have been i n f e r r e d  from h e t e r o j u n c t i o n  
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Fig ,  1 Energy Band Diagram f o r  an  n-Window/p Base Hetero junc t ion  
S o l a r  C e l l  w i th  No Light  Applied 
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I cm 
Fig .  2 Solar Cell Geometry Considered 
(a) View of input face showing contact fingers: 
W=0.9cm, S=O.4 cm, T=.0127 cm 
(b) Cross-section 
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Fig. 3 Percentage Transmission of Solar Cell Spectrum 
as a Function of the Si0 Anti-reflection Film Thickness 
(a) Transmission into the surface layer (ZnSe) of a ZnSe-GaAs solar 
cell, The percentage represents the number of photons relative 
t o  the number in the full solar spectrum with hv > 1.4 eV. 
(b) Transmission into the base layer of a ZnSe-GaAs cell. Curve (b) 
is lower than curve (a) because photons of energy greater than 
2.67 eV do not reach the junction and there is an additional 
reflection at the junction interface. 
( c )  Transmission into the surface layer of a GaAs-GaAs solar cell 
(photons of energy greater than 1.4 eV) for comparison with 
curve (a). 
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x = o  
x=t,  -1, = t' 
x = t ,  
Fig. 4 Representation of Heterojunction Coordinates for 
Computation of Spectral Response of (a) Surface 
Layer (b) Base Region. 
Lines at x=tJ and x = 1 
pletion edges of the junction. 
represent the two de- 2 
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Pig.  5 S p e c t r a l  Response of h i e - G a A s  Heterojunct ion S o l a r  C e l l  
(a) Computed c o l l e c t i o n  e f f i c i e n c y  ( t o t a l )  
(b) 
(c) Base d e p l e t i o n  l a y e r  component 
(d) R e f l e c t i o n  l o s s  
Bulk base  r eg ion  component of c o l l e c t i o n  e f f i c i e n c y  
L 
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Eg ( G Q  A s  
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Fig .  6 S p e c t r a l  Response of G a A s  Homojunction S o l a r  Cel l  
(a) Computed c o l l e c t i o n  e f f i c i e n c y  ( t o t a l )  
(b) T o t a l  base region response,  pGaAs 
( c )  Response of t h e  nGaAs l a y e r  
(d) Re f l ec t ion  l o s s  
I 
0.9 
E g  (GaAs) 
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Fig. 8 Schematic Representation of Solar Cell Delivering Power to a Load. 
